We previously showed that a pandemic virus, A/Tennessee/560/09(H1N1), had the potential to adapt to human bronchial epithelial cells by the acquisition of hemagglutinin (HA) K154Q and polymerase acidic (PA) protein L295P mutations that conferred a more virulent phenotype. To better elucidate the role of each mutations, we generated recombinant viruses carrying single mutations or both mutations concurrently. The replication of all mutant viruses was significantly higher than that of the wild-type A/Tennessee/560/09 virus in human cells. The HA K154Q mutation reduced the receptor binding affinity of A/Tennessee/560/09 virus to 6-Su-6 0 SLN and biantennary 6 0 SLN receptors. In ferrets, H1N1 virus with HA K154Q and PA L295P mutations exhibited significantly higher titers in the upper respiratory tract compared to all other viruses 6 days post-infection. Our results suggest that both single mutations HA K154Q and PA L295P are necessary for delayed virus clearance of A/Tennessee/ 560/09(H1N1) influenza virus in a ferret animal model. & 2012 Elsevier Inc. All rights reserved.
Introduction
We previously showed that the 2009A(H1N1) pandemic influenza virus (A(H1N1)pdm09) could be further adapted to normal human bronchial epithelial (NHBE) cells through the acquisition of two mutations (hemagglutinin K154Q and polymerase acidic protein L295P). The adapted virus replicated more efficiently in NHBE cells and had a delayed clearance phenotype in ferrets as compared to the unadapted virus. The polymerase acidic (PA) protein mutation increased polymerase activity by 20% at 37 1C, and the hemagglutinin (HA) change affected binding of the virus to a2,6-sialyl receptors . It was not determined, however, which of these mutations was responsible for the ferret delayed clearance phenotype. To better understand the role of each of these 2 mutations in increasing the pathogenicity and delaying virus clearance, single mutants were generated, and their pathogenicity was studied in the ferret model.
Results and discussion
We first studied the replication kinetics of recombinant A(H1N1)pdm09 viruses by assessment of their viral yields in comparison with wild-type TN/09 after multiple replication cycles in NHBE cells (Fig. 1) . The replication levels of HA mut , PA mut , and HA mut PA mut were significantly higher than that of TN/09 12, 24, 48, and 72 h after infection at 37 1C (40.9-3.2 logs; Po0.05, Fig. 1A ). The yield of the PA mut virus was significantly higher compared to wild-type virus at all post-infection time points at 33 1C (Po0.05) and higher titers of HA mut and HA mut-PA mut compared to TN/09 were observed 48 and 72 h after infection at 33 1C (42.0-2.8 logs; Po0.01, Fig. 1B) . Therefore, our results showed that both single mutations HA K154Q and PA L295P confer significantly higher replication of A/Tennessee/560/ 09 strain in human epithelial cells (P o0.05).
We previously observed similar polymerase activities for G1 (with the PA L295P mutation) and TN/09 viruses at 33 1C . The present study unexpectedly shows that PAmut replicates significantly better than HAmutPAmut (rg-G1) at 33 1C on NHBE cells (Fig. 1B) . We could speculate that although no increase in polymerase activity was observed with PA L295P mutation at 33 1C, the mutation may still contribute to increasing the level of RNA transcription for example. If real, this virus replication advantage conferred by PA L295P at both temperatures could explain why this mutation prevails in all A(H1N1)pdm09 strains.
We then compared the binding properties of TN/09 and HA mut in more detail using a direct binding assay (Gambaryan and Matrosovich, 1992) . As previously observed, the viruses had similar affinity for 6 0 -SLN sialoglycopolymer, but HA mut was unable to bind to 6 0 -SL . In addition, we compared the binding affinity of the viruses to ten a2,6-and two a2,3-sialyl receptors ( In our previous study, G1 (TN/09 with HA K154Q and PA L295P mutations) showed an increased virulence and delayed clearance in vivo in the ferret model . In the present study, all ferrets infected with TN/09 as well as the 3 mutant viruses had very mild clinical signs, and no difference between groups was observed. Until 4 dpi, there was no significant difference in nasal wash titers between mutants and the parental strain, but we observed a delayed virus clearance for HA mut PA mut (just as observed with G1), illustrated by a nasal wash titer 6 dpi of 3.6 log 10 PFU/ml, while all other ferrets had cleared their virus (except for one PA mut -infected animal still shedding 1.3 log 10 PFU/ml in the upper respiratory tract, Fig. 3 ). Table 2 summarizes the data from the ferret organs collected 3 dpi. Although the necropsy of a single animal per group does not allow for statistical analysis, we observed slightly higher virus titers and larger tissue tropism for HA mut PA mut than for HA mut and PA mut . Interestingly, only the animals infected with HA mut PA mut had detectable virus titers in the small intestine, as did the G1-infected ferrets in our previous study (Table 2 and ). All ferrets seroconverted to similar levels with HI titers 4640 and no difference was observed between groups as far as inflammation was concerned (protein concentrations in nasal washes, data not shown). In conclusion for the in vivo experiments, both HA K154Q and PA L295P mutations contribute to increasing A(H1N1)pdm09 pathogenicity, and they are both necessary for delayed virus clearance.
Molecular determinants of H1N1 influenza virus pathogenicity have been described. Mutations of HA have been linked with an increased binding to a2,6-sialyl receptors 90D and 225D (Xu et al., 2012) , T200A and E227A synergistically (de Vries et al., 2011 ), E227A (van Doremalen et al., 2011 , and I219K (Jayaraman et al., 2011) or a decreased binding for D222G (Belser et al., 2011; Abed et al., 2011) . HA K119N, G155E, S183P, R221K, D222G, and D225G lead to increased virulence in mice (Xu et al., 2010; Abed et al., 2011; Zheng et al., 2010) . The role of HA K154Q and PA L295P in modification of receptor binding affinity and increased pathogenicity has so far been described only in our previous study . However, a synergistic role of influenza HA and PA proteins has recently been reported with HA D222G, HA K163E, and PA F35L together increasing A(H1N1)pdm09 virulence in mice. HA D222G altered the receptor binding properties of the virus, and PA F35L increased its polymerase activity (Seyer et al., 2012) ; the mutant virus was therefore similar to our G1 or HA mut PA mut strain. Although HA-and PA-associated mutations in A(H1N1)pdm09 virus had previously been reported Sakabe et al., 2011; Ye et al., 2010) , our study together with the work of Seyer et al. clearly shows the synergy between the two proteins and may contribute to a better understanding of the viral protein interactions.
Material and methods

Viruses
The gene segments of the A(H1N1)pdm09 virus A/Tennessee/ 560/09 (TN/09) were cloned into a dual-promoter plasmid, pHW2000 (Hoffmann et al., 2001 ). Site-directed mutagenesis was performed using the QuickChange Site-Directed Mutagenesis kit (Stratagen, La Jolla, CA) on A/Tennessee/560/09 pHW2000 HA and PA plasmids. Four reverse genetics (rg) viruses were generated by DNA transfection as described previously (Hoffmann et al., 2001 ): (rg)-A/Tennessee/560/09 (TN/09), rg-A/Tennessee/ 560/09-PA L295P mutant (PA mut ), rg-A/Tennessee/560/09-HA K154Q mutant (HA mut , H1 numbering), and rg-A/Tennessee/560/ 09-HA K154Q mutant and PAL295P mutant (HA mut PA mut ). Each viral gene segment was sequenced to confirm the identity of the virus.
Replication kinetics of rg H1N1 influenza viruses
We used primary NHBE cells from human tracheal/bronchial tissues obtained from Lonza (Walkersville, MD) and they were grown and differentiated as previously described (Matrosovich 
Receptor-binding assay
The binding specificity of the A(H1N1)pdm09 viruses was investigated in a direct binding assay as described previously (Gambaryan and Matrosovich, 1992) . Plates were coated with viruses at a titer of 4-8 hemagglutination units (50 ml/well) at 4 1C for 16 h, followed by washing with 0.05% Tween 20 in phosphate-buffered saline (PBS-T). After the addition of biotinylated sialoglycopolymer (Table 1) 
Structure of oligosaccharide Abbreviation
Neu5Aca2-3Galb1-4Glcb
SiaT n Neu5Gca2-6GalNAca
Neu5Gc-T n Neu5Aca2-6Galb1-4-(6-Su)GlcNAcb 6-Su-6 0 SLN Galb1-3 6-SiaTF GalNAca Neu5Aca2-6 Neu5Aca2-3 3,6-SiaT n GalNAca Neu5Aca2-6 (9-NAc-Neu5Aca2-6)Galb1-4GlcNAcb 6 0 -(Neu5,9-NAc 2 )LacNAc Neu5Aca-OCH 2 C 6 H 4 Neu5AcBn
Sulfated trisaccharide 6-Su-6 0 SLN was synthesized as described previously (Pazynina et al., 2008) . Biotinylated sialoglycopolymers ( 30 kDa) with different saccharide residues were synthesized as previously described (Bovin et al., 1993) and were used to characterize the receptor specificity of H1N1 influenza A viruses. Values are the mean 7SD for two ferrets (or three ferrets on days 1 and 2 postinfection) and expressed as log 10 PFU/ml. The limit of virus detection was 1 log 10 PFU/ml. For calculation of the mean, samples with a virus titer o1 log 10 PFU/ml were assigned a value of 0.
(0.1 M sodium acetate, pH 5.0, containing 4 mM o-phenylenediamine and 0.004% H 2 O 2 ) was added, and the reaction was stopped with 2 M H 2 SO 4 . Optical density was determined at 492 nm with a Multiscan plate reader (Labsystems, Finland). The dissociation constants (Kass) were determined as 1/Neu5Ac concentration at the point A max /2 of Scatchard plots. The reported data represent the mean of at least two individual experiments for each virus.
Ferret experiments
Pathogenicity was tested in 4-to 5-month-old male ferrets obtained from Marshall Farms (North Rose, NY). All ferrets were seronegative for circulating influenza A(H1N1) and A(H3N2) and influenza B viruses. Ferrets (three per group) were inoculated intranasally under light isoflurane anesthesia with 10 6 plaque forming units (PFU) of TN/09, HA mut , PA mut , or HA mut PA mut virus in 1 ml of sterile PBS. Clinical signs of infection, relative inactivity index (Reuman et al., 1989) , weight, and temperature were recorded daily. To monitor virus shedding, nasal washes were collected from ferrets 1, 2, 4, 6, and 8 days postinoculation (dpi). The virus titers were determined as log 10 PFU/ml in Madin-Darby canine kidney (MDCK) cells. Protein concentrations in nasal washes were also determined to assess the level of inflammation and measured by using BioRad Protein Assay Dye Reagent (Hercules). One animal per group was euthanized under isoflurane anesthesia by intracardiac injection of Euthanasia V solution 3 dpi, and tissue samples ( 0.5 g each) were collected from lungs (4-5 lobes tested separately), nasal turbinate, trachea, spleen, liver, and small intestine. Samples were homogenized in 1 ml of culture medium with antibiotics, and the virus titer (log 10 PFU per gram of tissue) was determined in MDCK cells. Tissues (lung, nasal turbinate, trachea, spleen, liver, and small intestine) were also collected at the time of necropsy for histopathologic analysis. They were fixed in 10% neutral-buffered formalin and embedded in paraffin. Sections 5 mm thick were stained with hematoxylin and eosin and studied by light microscopy. Serum samples were collected from ferrets 3 weeks after inoculation, treated with receptor-destroying enzyme, heat-inactivated at 56 1C for 30 min, and tested by hemagglutination inhibition (HI) assay with 0.5% packed turkey red blood cells by a standard method as described previously in the World Health Organization manual on animal influenza diagnosis and surveillance (WHO, n.d.). All animal experiments were performed in biosafety level 2þ facilities at St. Jude Children's Research Hospital (Memphis, TN). All animal studies were approved by the St. Jude animal care and use committee and were conducted according to applicable laws and guidelines. Spleen -Liver -a Organs were sampled from a single ferret in each group. For the lung, mean viral titer for the 4-5 lung lobes sampled per ferret. Number of lung lobes positive/ total number of lobes tested is indicated in parenthesis. b Scores indicated correspond to mean scores for symptomatic ferret lung lobes tested. Lesions were scored from 0 to 29 taking into account the percentage of tissue involved (scored from 0 to 3 for none to 475%) and the lesion intensity (0 for none to 3 for diffuse or compact) in the bronchi, submucosal glands, bronchioles, alveoli, and interstitium. Number of lung lobes positive/total number of lobes tested is indicated in parenthesis.
